BACKGROUND AND OBJECTIVES: Pediatric sudden cardiac death (SCD) occurs in an estimated 0.8 to 6.2 per 100 000 children annually. Screening for cardiac disorders causing SCD in asymptomatic children has public appeal because of its apparent potential to avert tragedy; however, performance of the electrocardiogram (ECG) as a screening tool is unknown. We estimated (1) phenotypic (ECG-or echocardiogram [ECHO]-based) prevalence of selected pediatric disorders associated with SCD, and (2) sensitivity, specificity, and predictive value of ECG, alone or with ECHO.
Although sudden cardiac death (SCD) in children and adolescents (hereafter "children") is rare (0.8-6.2 per 100 000 annual incidence 1, 2 ) , the sudden death of a child is tragic and has widespread repercussions. Concern about SCD has raised calls for screening in primary care or school-based settings for all children; others have recommended screening for subgroups of children starting stimulants or participating in competitive athletics, both of which increase heart rate and may theoretically precipitate SCD. 1, 3, 4 Population-based screening programs that identify children at risk for SCD have broad public appeal, as common sense suggests that presymptomatic diagnosis saves lives, and the societal cost is presumed to be the cost of the screening test itself. Japan is the sole country with published data on mass screening of school-aged children, including a targeted cardiac history and physical and electrocardiogram (ECG). 5 No data regarding mass pediatric screening and associated costs are available in the United States. 6 In 2008, the American Heart Association released a statement 7 broadly interpreted as recommending an ECG before initiating stimulants for children with attention-deficit/hyperactivity disorder, estimated at 4% to 12% of children. 8 The American Academy of Pediatrics later released a statement, in collaboration with the American Heart Association, recommending that children with attention-deficit/hyperactivity disorder be assessed with a targeted history and cardiac examination but that further evaluation, including an ECG, be obtained only if indicated. 9 A recent decision analysis recommended that children participating in competitive sports undergo mass screening. 3 Several studies have described screening programs for athletes. Italy uses preparticipation screening, including ECGs, for athletes aged 12 to 35 1 and some American universities use preparticipation screening and ECGs for college athletes. Because 10 million people in the United States may be classified as "young competitive athletes," 10 calls for screening have far-reaching implications.
Screening programs are most effective if (1) preclinical prevalence is sufficiently high in the screened population, (2) a highly discriminatory screening test is available, (3) the disease or disorder is serious, and (4) treatment while asymptomatic decreases morbidity and mortality more than treatment after symptoms develop. 11 These criteria enable evaluation of the efficiency of ECG to detect the disorders that may cause SCD in asymptomatic children.
Several rare disorders cause pediatric SCD, but not all have ECG findings. 12 The most common disorders detectable by ECG are hypertrophic cardiomyopathy (HCM), long QT syndrome (LQTS), and Wolff-Parkinson-White syndrome (WPW). Their estimated prevalence rates are low in otherwise healthy, asymptomatic children; moreover, the value of the ECG as a "highly discriminatory" test is not well established. The ECG should selectively identify disorders responsible for SCD in all affected patients (ie, sensitivity) and rule out these disorders in healthy children (ie, specificity). Together, low prevalence and imperfect sensitivity and specificity estimates could result in inefficient screening strategies with unanticipated societal and economic costs.
We undertook a systematic review and meta-analysis of the literature of these 3 disorders that cause SCD. Our first aim was to summarize how often ECG-or echocardiogram (ECHO)-based testing (phenotypic prevalence) suggests HCM, LQTS, or WPW among asymptomatic and undiagnosed children who could be identified by mass screening. We focused on phenotypic prevalence, rather than genetic prevalence, because genetic testing is currently impractical in mass screening programs and is limited to diagnosis or risk stratification. Our second aim was to examine the reported sensitivity and specificity of the ECG, alone or with ECHO, to detect these disorders and calculate predictive values. Together, this information on phenotypic (ECG-or ECHO-based) prevalence, sensitivity, specificity, and predictive value form an evidence base that will facilitate further evaluation of the efficiency and downstream implications of ECG screening programs for SCD.
METHODS
We focused on HCM, LQTS, and WPW because they are the most common disorders potentially detectable by ECG among children. Because ECG findings in HCM are age sensitive (ie, may not be detected until late adolescence or early adulthood) and can be nonspecific, thus requiring an ECHO for diagnostic guidance, we chose to include articles that examined test characteristics of ECG alone, ECHO alone, or ECG combined with ECHO (ECG/ECHO).
Literature Searches
We performed a systematic review and searched the Medline database (1950 to December 2010) for studies reporting on HCM, LQTS, WPW, and SCD or on ECG and/or ECHO detection of these disorders. We combined keywords and Medical Subject Heading terms for hypertrophic cardiomyopathy, long QT syndrome, Wolff-Parkinson-White syndrome, sudden cardiac death, electrocardiography, echocardiography, sensitivity, and specificity. The search was limited to English-language publications of primary studies in humans with no geographic restrictions. Six reviewers screened titles and abstracts to identify relevant studies and then examined full-text articles for eligibility.
Eligibility Criteria
To summarize how often ECG-or ECHObased testing (phenotypic prevalence) suggests HCM, LQTS, or WPW in asymptomatic children or young adults (3-25 years old), we included cross-sectional or cohort studies from the general population that used ECG or ECHO diagnostic criteria for each disorder consistent with clinical standards. Studies in which the mean age was .2 SDs from 25 years were excluded, including a recent study focused on neonates. 13 We also excluded studies of highly selected subgroups that were not representative of the general population. For example, "elite" athletes who competed in competitive regional, national, or international events were excluded, but studies of normally active high school athletes were included. Studies that used sampling techniques that might result in a nonrepresentative sample (eg, convenience sampling, studies requiring informed consent from participants) were excluded. Studies assessing the frequency of genetic variations related to HCM, LQTS, or WPW were excluded, given our focus on ECG screening in asymptomatic and previously undiagnosed children.
For our second aim we included studies with data on the sensitivity or specificity of ECG (with or without ECHO) to identify children who would have a diagnosis of HCM, LQTS, or WPW according to clinical criteria. Specifically, we deemed that an adequate reference ("gold") standard for HCM is ECHO, genotyping, or a welldocumented HCM diagnosis. For LQTS, we accepted as reference standard testing for pathogenic variations (eg, the KCNQ1, KCNH2, and SCN5A genes) or a combination of personal and family history, clinical follow-up, and ECG. For WPW, ECG is the reference standard, so sensitivity and specificity information were not collected. Based on these criteria, studies with incorporation bias (where the index test comprises part of the reference standard against which it is measured) were eligible. We included studies in which only those with positive ECG and/or ECHO were verified with the reference standard (verification bias, which may overestimate sensitivity and underestimate the specificity of the index test). For those studies that had multiple alternative sets of ECG and/or ECHO criteria, we selected the most widely used or most sensitive criteria to avoid duplication of information.
Data Extraction
Four reviewers extracted data with at least 2 independently extracting or reviewing each article. All 4 reviewers discussed and resolved any discrepancies by consensus. From studies informing on phenotypic (ECG-or ECHO-based) prevalence, we extracted information on study population (description, country), study design (prospective, retrospective), sampling technique (representative or not), age of the study sample, sample size, diagnostic criteria, and number of participants with each disorder.
From studies on the sensitivity and specificity of ECG and/or ECHO to identify HCM or LQTS, we extracted information on study population (description, country), age of the study sample, type of test (ECG and/or ECHO), diagnostic criterion and thresholds for the test, reference standard definition, true-positive, falsenegative, false-positive, true-negative, and presence of verification bias. If the study provided only sensitivity and specificity, we used this information to calculate the true-positive, false-negative, false-positive, and true-negative values.
Analysis
Because of the complexities of our methods, we briefly discuss analyses in the following paragraphs and provide detailed Supplemental Information that discusses characteristics of screening tests in general (eg, sensitivity, specificity, predictive value) and analytic methods used (eg, creation of hierarchical summary receiver operating characteristic [HSROC] curve).
Analysis of Phenotypic Prevalence
Phenotypic (ECG-or ECHO-based) prevalence (per 100 000) estimates and 95% confidence intervals (CIs) for HCM, LQTS, and WPW were calculated by using the exact binomial distribution. We obtained summary estimates of phenotypic prevalence by using random effects meta-analysis of logit-transformed phenotypic prevalence. 14 To assess the extent to which variation in the reported outcomes may be a result of chance alone, we used Cochran Q to test for heterogeneity (significant when P , .10) and quantified its magnitude in terms of I 2 , 15 which ranges between 0% and 100% and expresses the proportion of between-study variability attributable to heterogeneity rather than chance. We considered I 2 values exceeding 75% suggestive of substantial heterogeneity. These calculations were performed by using Stata, version 11 (StataCorp LP, College Station, TX).
Analysis of Sensitivity and Specificity
For each disorder, we summarized the relationship between sensitivity (ie, the probability of having a positive test among those with the disorder) and specificity (ie, the probability of having a negative test among those without the disorder) of ECG and/or ECHO with an extension of the HSROC model. [16] [17] [18] For each disorder and screening tool combination, we plotted the HSROC curve for individual studies and the HSROC curve for the summary of the reviewed studies. These curves allow visual comparison between individual studies and the summary curve. Points along the summary curves incorporate different diagnostic criteria and do not correspond directly to specific observed study cut points for ECG and/or ECHO. Restricting the range to that observed in the data, the area under the posterior estimate REVIEW ARTICLE PEDIATRICS Volume 129, Number 4, April 2012 of the HSROC curve (AUC) calculated by numeric integration indicates test performance. An AUC of 1.0 represents a perfect test, whereas an AUC of 0.5 represents a test that performs no better than chance.
For each summary curve, we identified 2 illustrative examples to demonstrate how changes in sensitivity and specificity resulted in different predictive values, number needed to screen, false-positives, and false-negatives. We selected 2 points on the HSROC curve: (1) the point with "maximal accuracy" (ie, maximizing the sum of the sensitivity and specificity), thereby giving equal weight to ruling in people with disease (sensitivity) and ruling out those without disease (specificity); and (2) the point with "maximal specificity" where specificity was near 1 and the corresponding sensitivity, thereby giving more weight to ruling out those without the disease (specificity). We did not select a point on the curve where sensitivity was maximized because the corresponding specificity was low (0.001). By using the 2 illustrative points, we calculated 5 parameters: (1) positive predictive value (PPV, ie, the probability of having the disorder given a positive test), (2) negative predictive value (NPV, ie, the probability of not having the disorder given a negative test), (3) number needed to screen to detect 1 case, (4) number of false-positives when detecting 1 case, and (5) number of false-negatives per 100 000 children screened. To explore the effect of alternative prevalence rates, we repeated these calculations by using oft-cited prevalences of 200 per 100 000 for HCM, 19 50 per 100 000 for LQTS, 13 
Sensitivity Analysis
To determine whether alternative assumptions substantially affected the meta-analysis results, we performed extensive sensitivity analyses. 21 For key questions related to phenotypic (ECGor ECHO-based) prevalence, we repeated the analyses excluding studies where (1) diagnostic criteria were not specified, (2) reported phenotypic prevalence exceeded the range of often-cited prevalence rates, or (3) phenotypic prevalence was based on previously diagnosed cases and not asymptomatic cases. For key questions addressing the ability of ECG-or ECHO-based testing to diagnose people with the conditions of interest, we repeated the analyses by excluding studies that did not apply the reference standard to participants with a nonsuggestive ECG and/or ECHO (ie, verification bias).
For additional sensitivity analyses, we back-calculated disease prevalence when applying a non-ECG reference standard to define disease. A positive screening ECG (eg, a result suggesting LQTS) can be either a true-positive (the person has LQTS) ora false-positive (the person does not and will not have LQTS). Thus, the frequency of "suggestive ECGs" is not the same as the prevalence of the disease. One can backcalculate the prevalence of LQTS from an acceptable alternative non-ECG ref-erence standard to diagnose LQTS (eg, genetic testing for deleterious mutations in LQTS genes 13 ) , and from the proportion of positive ECG tests in a population. We performed such analyses only for LQTS, as an example to contextualize our discussion comments. As described in the Supplemental Information, we extended the Bayesian method of Joseph and colleagues. 22 
RESULTS
From 6954 titles and abstracts screened for eligibility, we retrieved and evaluated the full text in 396 articles, with 30 meeting eligibility criteria (Fig 1) . 1, 19, 
Characteristics of Reviewed Studies
In the 11 primary studies 1,19,23-31 that reported phenotypic (ECG-or ECHObased) prevalence findings, study populations ranged from general to subgroups of high school athletes and military conscripts. Studies were conducted in North America, Europe, and Asia and had sample sizes ranging from 1369 to 1 336 377 (Table 1) .
Twenty primary studies 28, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] reported sensitivity and specificity estimates by using ECG to detect LQTS and/or HCM,
FIGURE 1
Literature search strategy.
ECHO to detect HCM, or ECG/ECHO to detect HCM. Populations in these studies were mainly disease probands and their relatives. The studies were conducted in North America, Europe, and Asia and had sample sizes ranging from 23 to 2770 (Table 2) .
Hypertrophic Cardiomyopathy
Based on 7 studies, 1, 19, 24, 25, [27] [28] [29] HCM phenotypic (ECG-or ECHO-based) prevalence ranged from 0 to 170 per 100 000 ( Fig 2) with a summary phenotypic prevalence rate of 45 per 100 000 (95% CI: 10-79) but with substantial variation between studies (I 2 = 91%, P , .001). Inclusion of the study with a phenotypic prevalence estimate of zero 29 helped inform the upper bounds of the estimate. Although 1 study 27 did not specify diagnostic criteria, we included it because its exclusion had no effect on phenotypic prevalence (remained at 45 per 100 000) and this study was based on a well-established screening program in Japan. When adding 2 nonrepresentative studies 23, 26 for sensitivity analysis, the summary phenotypic prevalence rate decreased to 13 per 100 000 (95% CI: 7-19) with substantial heterogeneity (I 2 = 92%, P , .001). Turning to screening for HCM, Fig 3 illustrates a set of HSROC curves for detection by ECG (10 studies), 28, [32] [33] [34] [35] [36] [37] [38] [39] [40] ECHO (6 studies), [33] [34] [35] 37, 40, 41 and ECG/ ECHO (4 studies). [33] [34] [35] 40 Based on the summary HSROC curves, the AUC values were high.
To provide clinical context for interpreting these results, we used the summary phenotypic prevalence estimate for HCM and the 2 previously described illustrative points (the maximal accuracy point and the maximal specificity point) on the HSROC curves for detection of HCM by using ECG, ECHO, and ECG/ECHO ( Table 3) . Regardless of whether an ECG, ECHO, or ECG/ECHO was used, both illustrative points yielded an 
Long QT Syndrome
Phenotypic (ECG-based) prevalence rates of the 3 studies reporting on LQTS ranged from 1 to 12 per 100 000 (Fig 2) , 1, 27, 30 with a summary phenotypic prevalence rate of 7 per 100 000 (95% CI: 0-14) and substantial heterogeneity (I 2 = 93%, P , .001). Although 1 study 27 did not specify diagnostic criteria, we included it because its exclusion increased phenotypic prevalence to only 9 per 100 000 and this study was based on a well-established screening program in Japan. The Kobza study 31 was excluded because its prevalence rate (550 per 100 000) exceeded often-cited prevalence rates of LQTS (40-50 per 100 000). 13 When incorporating Kobza, the summary prevalence increased fivefold to 38 per 100 000 (95% CI: and heterogeneity increased (I 2 = 99%, P , .001). [42] [43] [44] [45] [46] [47] [48] [49] [50] The Bayesian sensitivity analysis giving the Schwartz 13 prior a low weight (1/2500) resulted in similar To provide clinical context, we used the summary phenotypic prevalence estimate for LQTS and 2 illustrative points (the maximal accuracy point and the maximal specificity point) on the HSROC curve for detection of LQTS by using ECG (Table 3) . For both points, the NPV was near 100%. The PPV was very low (0.04% [1 in 2324]) at the maximal accuracy point, but increased slightly at the maximal specificity point (0.7% [1 in 136] ). With maximal accuracy, the number needed to screen to detect 1 case of LQTS with an ECG was more than 16 000 with only 14% of those with LQTS missed (false-negatives), but more than 2000 false-positives per LQTS case detected. With maximal specificity, the number needed to screen to detect 1 case increased to 135 000 and 91% of those with LQTS would be missed, but there would be only 135 falsepositives per LQTS case detected. By using the often-cited prevalence of 50 per 100 000 13 (7 times our estimate) resulted in a similar NPV, a sevenfold increase in PPV and false-negatives per 100 000 screened, and a decrease in number needed to screen to detect 1 case and number of false-positives when detecting 1 case.
WPW Syndrome
Three studies 1, 25, 30 reported phenotypic (ECG-based) prevalence rates for WPW ranging from 68 to 222 per 100 000 with a summary phenotypic prevalence rate of 136 per 100 000 (95% CI: 55-218) ( Fig 2) and substantial heterogeneity (I 2 = 95%, P , .001). Because ECG is considered the reference standard and no studies reported estimates of sensitivity and specificity for any other screening tests to detect WPW, we assumed that its sensitivity and specificity were one and the PPV and NPV estimates were perfect and are not discussed further. By using the often-cited prevalence estimate of 200 per 100 000 20 did not substantially alter the number needed to screen.
DISCUSSION
By using published literature, we report on phenotypic (ECG-or ECHO-based)
FIGURE 2
Forest plot of phenotypic (ECG-or ECHO-based) prevalence of HCM, LQTS, and WPW from reviewed studies. ES, effect size.
FIGURE 3
HSROC and AUC of reviewed studies for HCM and ECG, HCM and ECHO, HCM and ECG/ECHO (ECG combined with ECHO), and LQTS and ECG. Solid black lines represent summaries of reviewed studies and other lines represent individual studies. The lines describe the relationship between (average) sensitivity and (average) specificity for varying diagnostic thresholds (eg, increasingly stringent ECG or ECHO criteria in the 2 top panels, respectively). These lines describe average test performance. It is generally not straightforward to correspond specific points on the curve to specific cut points for ECG or ECHO. The x-axis is restricted to the range of the data.
prevalence rates of HCM, LQTS, and WPW in asymptomatic children and the test characteristics of ECG and/or ECHO in detecting these disorders. Based on our prespecified inclusion/exclusion criteria and methodology, phenotypic prevalence estimates demonstrated wide variation across studies and were lower than those in neonates (eg, Schwartz et al 13 ) or studies examining genotypic prevalence. Consequently, we explored the effects of alternative prevalence estimates in our results. Although the AUC ranged from 0.88 to 0.92, indicating that ECG and/or ECHO are statistically acceptable screening tests for detecting the most common disorders that cause SCD, the low phenotypic prevalence substantially affected the predictive value.
Because these disorders have a very low phenotypic prevalence, choosing a point on the HSROC curve that maximizes accuracy or maximizes specificity had little impact on NPV (nearly 100% NPV for HCM and LQTS); however, the maximal specificity point resulted in improved PPV (0.74% [1 in 136] to 21%) at the cost of needing to screen more individuals to detect 1 case and missing more diseased individuals because of reduced sensitivity. With maximal accuracy, the number needed to screen to detect 1 case fell and fewer cases were missed, but at the cost of lower PPV (0.04% [1 in 2324] to 0.26% [1 in 390]) and more false-positives per case detected. These findings help define boundaries of the theoretical utility of ECG and/or ECHO as screening tests for these disorders, but are difficult to comprehend in isolation. Unlike "typical" screening programs that value ruling in those who may have the disease (ie, sensitivity), these illustrative points demonstrate that when phenotypic prevalence is low, prioritizing specificity over sensitivity can improve PPV while not affecting the NPV (similar to HIV screening 51 ).
We performed calculations to understand how these estimates might apply to population-based ECG screening. First, assuming independence, the combined prevalence estimate of HCM, LQTS, and WPW from our meta-analysis is 188 per 100 000. When maximizing accuracy, the NPV approaches 100%, indicating a low false-reassurance rate. However, the PPV of using an ECG to screen for any of the 3 disorders is 1%, indicating a high false-alarm rate (99% of children with a positive ECG would not have any of the disorders). Conversely, when maximizing specificity, the NPV still approaches 100% (false-reassurance rate remains near 0%), but the PPV is 41% (falsealarm rate decreases to 59%). A sensitivity analysis using often-cited prevalence rates (40-50 per 100 000 for LQTS, 13 200 per 100 000 for HCM, 19 100-200 per 100 000 for WPW 20 ) showed a more favorable outlook for screening (higher PPV, fewer need to screen to Concern has been raised about increased rates of diagnosed heart disease where diagnosis may not be helpful (resulting in diagnosis of cardiac nondisease and overtreatment 55 ). Some children may ultimately be diagnosed by other means (eg, family history, emergence of sublethal symptoms, diagnostic testing for unrelated indications) even in the absence of mass screening, and earlier diagnosis of the disorder may not provide survival benefit. Among those children detected by screening, the safety, efficacy, and acceptability of specific therapies and recommendations for prophylaxis of SCD in asymptomatic children is sometimes uncertain and often based on expert consensus as opposed to clinical evidence. 6 In addition, families need to be aware that a negative ECG does not definitively rule out risk for SCD. Other rare cardiac disorders cause SCD, such as anomalous origin of the coronary artery, arrhythmogenic right ventricular cardiomyopathy, catecholaminergic ventricular tachycardia, and Brugada syndrome.
With the exception of Brugada syndrome, which manifests in late adolescence, these disorders are not typically diagnosed by ECG. Also, given that clinical and ECG findings may not manifest in HCM until adolescence, programs that screen young children may miss those genetically predisposed to developing HCM, which may necessitate repeat ECGs during adolescence.
This study has several limitations. First, our search was restricted to literature cataloged by Medline. Medline indexes most biomedical articles, making it unlikely that we omitted important findings. Second, our estimates may reflect publication bias, as it is conceivable that "unsuccessful" studies of diagnostic or detection interventions may not have been published. This phenomenon, if it took place, would inflate our test accuracy estimates. Third, heterogeneity existed between studies. Populations varied by age and studies varied in their screening approach and their diagnostic criteria. Fourth, our calculations omitted a targeted history and physical. Although we included medical history, physical examination, and family history in our search, we found insufficient data for further analyses. Published studies suggest that history and physical examination have low sensitivity, 25 low PPV, 56 and limited value from a health economics perspective. 3, 4 Fifth, we defined phenotypic prevalence based on results from ECG or ECHO (not genotyping) because these were the screening options considered in our analysis and because genotyping has only recently become available and is still evolving. In estimating the sensitivity and specificity of ECG and/or ECHO, however, we allowed genotypically identified cohorts because genetic testing will likely play a more prominent role in screening and diagnosing disorders that cause SCD. By using genotyping as the reference standard allows us to incorporate some variability in penetrance (leading to false-positives), which will likely be important for screening test interpretation. Finally, this study is limited by considering only 3 disorders, but these are the 3 most common disorders detectable by ECG and/or ECHO.
Despite these limitations, this study provides an important starting point for evaluating SCD screening programs. Screening programs may be gaining popularity because of availability bias in risk perception (ie, recent publicized events result in the overestimated likelihood of a similar event occurring). Given our results on the low phenotypic (ECG-or ECHO-based) prevalence and the variation in false-positive rate based on different sensitivities and specificities, further cost-or comparativeeffectiveness analyses will be necessary to determine whether screening programs to detect SCD in asymptomatic children should be promoted as public health policy.
